INTRODUCTION
Azotobacters are obligatory aerobic, heterotrophic nitrogen-fixing organisms with the capacity to form dessication-resistant cysts. Azotobacter vinelandii ATCC 12837 can contain up to 40 genome copies similar in size to that of E. coli (Sadoff et al., 1979) but this is the only strain to have been studied from this point of view.
We have therefore estimated the genome sizes and DNA contents of two strains of Azotobacter chroococcurn using the two-dimensional electrophoresis technique of Yee & Inouye (1982) . Though plasmids could not be detected in A. vinelandii (Sadoff et al., 1979) we have found plasmids in several strains of A . chroococcurn. We have also isolated cured derivatives of one strain which normally carries a multiplicity of plasmids and sought phenotypic differences from the uncured parent.
METHODS
Growth and maintenance of strains. Table 1 lists bacteria, plasmids and bacteriophage used in this work. Azotobacters were routinely grown aerobically at 30 "C on RM, a modification of Burk's medium (Newton et al., 1953) enriched with nutrient broth (Difco) at 2 g 1-1 and yeast extract (Oxoid) at 0.1 g 1-1 which suppressed gum formation. Rhizobium was grown aerobically at 30 "C in TY medium (Beringer, 1974) . Escherichiu coli was grown at 37 "C in Luria-Bertani (LB) medium (Maniatis et al., 1982) . Drugs were added when appropriate at the following concentrations. For E. coli: kanamycin (Km), 20 pg ml-; tetracycline (Tc), 10 pg ml-' ; carbenicillin (Cb), 50 pg ml-l. For azotobacters: streptomycin (Sm), 10 pg ml-l; nalidixic acid (Nal), 20 pg ml-; Km, 1 pg ml-l ; Tc, 0-5 pg ml-; Cb, 20 pg ml-l . Solidified medium contained agar at 1.5% (wlv) except for soft overlays (0.5%).
Analysis of plasmid content of strains. Plasmids were extracted by the following modification of an alkalinedetergent lysis procedure described previously (Casse et al., 1979) which allowed rapid screening of colonies provided the amount of organisms used was carefully adjusted. Organisms (equivalent to approx. 30 pg dry wt) were washed once in PEM (K2HP04, 5 mM; EDTA, 0.1 mM; MgCl,, 0.5 mM, pH 8.0) and suspended in 50 pl TES (Tris, 10 mM; EDTA, 50 mM; NaCl, 50 mM, pH 8.0) in a sterile 7 ml plastic bijou bottle; 950 p1, of freshly prepared alkaline-SDS reagent (SDS, 35 mM, in NaOH, pH 12.6, standardized with Beckman type 3010 'pH 12-45, standard buffer) was mixed rapidly with the suspension, then incubated at 34 "C for 20 min. Denatured DNA, protein and SDS was precipitated at 0 "C for 20min after the addition of 170p1 3.5 M-NaCl, 0.7 M-Tris, pH 8.0. The supernatant obtained from centrifugation at 3 "C, 4000g for 10 min was mixed with 800 p1 ACE (sodium acetate, 0.2 M, in 90%, v/v, ethanol) in a 1.5 ml Eppendorf tube. DNA, precipitated at -70 "C for 2 h and collected by centrifugation at lOOOOg for 10 min, was redissolved in 50 pl TESL (Tris, 10 mM; EDTA, 1 mM; NaCI, 1.5 mM, pH 8.0). Plasmids were resolved by submerged horizontal electrophoresis in 0.7% (w/v) agarose (Sigma, type I) gels (1 1.5 x 18.5 cm) in TAE buffer (Maniatisetal., 1982) at 2.5 V cm-l, 3 "C for 18 h. Nucleic acid was stained with ethidium bromide (0.5 pg ml-'), destained in water for 30 min, visualized using a short-wave UV transilluminator (Ultra-Violet Product, San Gabriel, Cal., USA) and photographed through an R25A filter using Polaroid type 662 film.
Preparation ofgenomic DNA. DNA was extracted after Marmur (1961) in the following manner. Organisms, low in polyhydroxybutyrate (equivalent to 10 mg dry wt), were washed by centrifugation at 8OOOg in PEM for 15 min, resuspended in 9.5 ml TES and SDS added to 1.5% (w/v) in a 50 ml 'Oak-Ridge' centrifuge tube. The suspension was incubated at 30 "C until no further decrease in turbidity was observed (-10 min). DNA precipitated with 2 volumes of ACE was collected with a glass rod, drained and redissolved in 0.1 x SSC (Maniatis et al., 1982) . Protease (protease K, Sigma, type XI) was added to 500 pg ml-and the solution rocked gently at 37 "C until a clear viscous solution was obtained (approx. 2 h). The solution was extracted at least three times with HolmesBonner phenol (Maniatis et af., 1982) and DNA reprecipitated with 2 volumes of ACE. The DNA purity and concentration was monitored spectrophotometrically before storage as a precipitate at -20 "C in 70% ethanol.
Two-dimensional analysis of bacterial genomes. The technique used was essentially that described by Yee & Inouye (1982) . Primary restriction digests of genomic DNA (20 pg) were performed using an experimentally determined excess of various six-base recognition-sequence restriction endonucleases. After separation of fragments on a submerged horizontal agarose (0.8%) gel (1 1.5 x 18.5 cm), excised agarose lanes approximately 5 mm wide were sliced in half longitudinally and one half only stained with ethidium bromide to reveal DNA. Excess agarose was trimmed from the unstained half which was then equilibrated for 24 h with several changes of the restriction enzyme reaction buffer appropriate for the second enzyme in a cut-down 10 ml plastic disposable pipette sealed with a no. 9 Suba-Seal. The restriction enzyme (usually 100 units per gel) was introduced with fresh reaction buffer ( 5 ml) and soaked into the gel for 24 h at 0 "C. Digestions were then carried out by warming to the appropriate temperature for 3 h. The agar strip was embedded in a fresh horizontal agarose (0.7%) gel (200 x at 15 min intervals of 2 1 distilled water to reduce background fluorescence. Photographic records were made as for plasmids from which 10 x 8 inch enlargements were made to facilitate analysis.
Analytical methods. The DNA content of organisms in suspensions prepared by washing exponentially growing populations in PEM was estimated using Burton's diphenylamine reagent (Burton, 1956) . Standard curves were prepared using sonicated Salmon sperm DNA (Sigma). Populations of organisms in such suspensions were estimated using an improved Neubauer double counting chamber (100 pm depth). Antibiotic and phage sensitivity and antagonism between strains of Azotobacter was assessed in RM agar plates overlayed with l-mmdeep soft RM agar seeded with approximately lo5 c.f.u. ml-and grown for 2 d at 30 "C. Antibiotics were applied as drug sensitivity discs (Mast Laboratories, Liverpool, UK). Phage, or potential phage or bacteriocin producers, were applied as 10 p1 drops of appropriate dilutions of filtered (0.45 pm pore size) culture supernatants from infected cultures. Bacteriocin and phage production from Azotobacter was tested with and without irradiation of cultures by UV light at 254 nm. Survival was determined by spreading exponential cultures of azotobacters onto RM agar plates at a density of 10 c.f.u. cm-2 and shortly thereafter irradiating the agar surface with UV light (254 nm) corresponding to 670 pW cm-2. Survivors from replicate plates irradiated for different times were grown in the dark. Utilization of various carbon sources for growth by Azotobacter was checked on agar plates of Burk's medium (Newton et al., 1953) with NH4Cl (5 mM) as N-source. Growth was estimated at intervals up to 21 d with reference to controls with no added carbon source and potential carbon source plus sucrose (20 mM). Concentrations used were similar to those prescribed by Thompson & Skerman (1 979). Water-immiscible substrates were supplied as vapour phase. Uptake hydrogenase activity of cultures was measured by incorporation of 3H from 3H2 into water as described by Partridge et al. (1980) .
Restriction enzymes were obtained from BRL; all drugs were obtained from Sigma except Cb (Pyopen; Beecham). Other reagents not previously described were obtained in the purest available form from various commercial sources.
RESULTS

Plasmids in A . chroococcum
Strain NCIMB 8003 has been studied in this laboratory for many years. For genetic use a marked derivative MCC-1 was prepared carrying sequential spontaneous Nalr Smr. Figure 1 (b) shows plasmids present in strain MCC-1. The sizes of the larger plasmids were assessed using Rhizobium Zeguminosarum T3 (Fig. 1 a) which contains several plasmids of known size which match closely those in MCC-1. The wild-type NCIMB 8003 was also examined and its plasmid profile (Fig. le) was identical to that of MCC-1 (Fig. If> except that a sixth plasmid of approximately 10 MDal was observed. No other plasmids could be detected in these azotobacters using alternative techniques of extraction such as 'lysis in the well' (Eckhardt, 1978) . Plasmids are probably a common feature of the genome of A . chroococcum. Six isolates from local soils were identified as A . chroococcum by growth on caproic acid but not rhamnose as sole carbon source, by production of a brown pigment and agar-diffusible extracellular homopolysaccharide, and by ability to hydrolyse starch (see Thompson & Skerman, 1979) . All six (Fig.  1 g, h, i, j , k, 0) contained plasmids, though differences in their size and number were observed. Insufficient isolates were examined to allow correlation of plasmid content with habitat. Table 2 lists the plasmids, their nomenclature and sizes from the various strains examined.
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Function of plasmids in A . chroococcum Several treatments which have been used to isolate cured strains of various bacteria were applied to MCC-1. Cured strains were identified by screening colonies produced after growth of organisms in RM with NH,+ as N-source in the presence of one of the following 'curing agents': mitomycin C, 0.2 yg ml-; SDS, 0.025%; ethidium bromide, 0.25 PM; acriflavin, 0.1 yg ml-l .
Isolates from a SO$--limited chemostat culture (D = 0.1 h-l) were also examined.
Though cured strains were obtained using these treatments usually after examining approximately 100 clones, the lack of any clear phenotype for any of these plasmids (see later) prevented a quantitative analysis of the effectiveness of any specific treatment. Indeed, the first cured strain (MCB-9) was fortuitously isolated as a spontaneously rifampicin-resistant (RIP) mutant but in a further 80 independent Rip mutants the curing event was not reproduced. Nevertheless, it is clear that such empirical methods can be used to obtain the desired strains even where the plasmids are stable to routine culture as indicated by comparison of our laboratory strain with its parent, NCIMB 8003.
However, a reproducible method of curing plasmid pAcX5Oc was found. When RP4 was introduced into MCC-1 by conjugation from E. coIi JC1553(RP4) it was not stably maintained in the absence of drugs. Growth in the presence of Km, Tc and Ap resulted in the physical loss of pAcX5Oc and RP4 was then stable in the derivative strain. We conclude that this plasmid belongs to the IncPl group of plasmids, though it did not cause sensitivity to the IncPl malespecific phage PRR1. Table 1 lists the various cured derivatives used in this study and the plasmid profiles are shown in Fig. 1 (4-u) . NCIMB 8003 and the various cured strains were compared for possible plasmid-borne traits. All grew well on unsupplemented Burk's medium and fixed Nt, indicating that the nif genes are chromosomal, an observation confirmed by DNA-hybridization studies using cloned nitrogenase structural genes from A . chroococcum as probes (R. Jones & R. L. Robson, unpublished) . Uptake hydrogenase (Hup) activity was also unaffected by plasmid loss. No significant differences were detected in sensitivity to the following antibiotics or drugs : ampicillin, bacitracin, cephaloridine, chloramphenicol, cloxacillin, colistin sulphate, erythromycin, fusidic acid, framycetin, gentamicin, kanamycin, lincomycin, methicillin, neomycin, nitrofurantoin, novobiocin, oleandomycin, penicillin G, polymyxin B, rifampicin, spiramycin, 'sulphatriad', tetracycline, tobramycin and trimethoprim, nor to Hg2 + , Cd, Pb or tellurite.
We tested NCIMB 8003 for growth on several potential carbon sources whose catabolic pathways may in part be plasmid-encoded in other organisms (see Chakrabarty, 1976) . No growth was observed when the following compounds were supplied as sole carbon sources at sub-growth-inhibitory concentrations : naphthalene, xylene, salicyclic acid, p-cresol, isobutyrate, nicotinic acid or octopine. The taxonomic survey of Thompson & Skerman (1979) showed that utilization of meso-inositol, D-arabitol, pentan-2-01, propan-1-01, D-glucuronate, glycerol, meso-tartrate, D-tartrate is variable amongst strains of A . chroococcum, suggesting possible plasmid involvement. However, NCIMB 8003 did not use any of these substrates. All cured strains hydrolysed starch, but only NCIMB 8003 produced agar-diffusible polysaccharide when grown on sucrose. This feature might therefore correlate with loss of pAcX5Ob.
All the azotobacters listed in Table 1 were tested for bacteriocin or phage production by their ability to antagonise growth of one another but all were compatible.
Genome size of A . chroococcum Genome sizes of two strains were determined: CW8, because it apparently contained no plasmid larger than 7 MDal which might complicate the analysis and MCD-1 which is our standard laboratory strain used for genetic studies though it contains one large plasmid. Figure 2 shows digests of genomic DNA using several six-base recognition endonucleases. The DNA was relatively refractory to digestion by HindIII, and BamHI produced mainly large fragments (> 20 kb). Other enzymes generated a wide range of fragment sizes. Both strains gave similar but not identical restriction patterns. EcoRI followed by XhoI or BstEII digestions were chosen for the two-dimensional analysis. The latter two enzymes were particularly stable and therefore suitable for digestion of EcoRI frggments in agarose.
Figure 3(a) shows the fragments (as spots) generated by sequential digestion of CW8 DNA with EcoRI and BstEII. Fragments not cut by the second enzyme lie along a diagonal and susceptible fragments lie below. However, some combinations of enzymes, e.g. BarnHI followed by EcoRI, produced spots above the diagonal (not shown) which probably originated from covalently closed circular or open circular plasmid forms resistant to the first enzyme but cut by the second. Fragment sizes were estimated by comparison with standards run in parallel and with careful judgement of overlapping spots summed to give a genome size as described by Yee & Inouye (1982) . Different combinations of enzymes were used for each strain. Figure 3(b) shows a BstEII/XhoI digestion pattern for MCD-1. Analysis of patterns produced from the various enzyme combinations gave mean values of genome size for CW8 of 1.784 x lo6 ( f 20%) bp, and for MCD-1 1-92 x lo6 (k 20%) bp. For comparison we sized the chromosome of E. coli JC1553 (Fig. 3c) and a mean value of 3.98 x lo6 (+20%) bp was obtained.
The DNA contents per cell for exponentially growing batch cultures of CW8 and MCD-1 were 3.97 x 10-l4 and 5.13 x 10-l4 g per cell, respectively. Taking into account the genome sizes determined for these strains, we conclude that both contain on average 20 to 25 chromosome equivalents per cell.
UV survival of A . chroococcurn Organisms containing several equivalent copies of the genome might be expected to exhibit complex UV kill kinetics. Figure 4 shows UV dose-response curves for several A . chroococcum strains. NCIMB 8003 and its various cured derivatives including MCD-1 showed resistance to UV at low dosage but thereafter death followed exponential kinetics. By contrast, other strains tested, including CW8, did not exhibit this resistance and death occurred according to a simple exponential relationship with UV dose.
DISCUSSION
The genomes of Azotobacter species have G + C contents in the range 64.8% to 66.7% (De Ley & Park, 1966; Ouellette et al., 1969) . Thermal renaturation kinetics of purified DNA and sedimentation properties of the folded chromosome of A . vinelandii ATCC 12837 were similar to that of E. coli K12 (Sadoff et al., 1979) which was assumed to have a mass of 3.5 x g (equivalent to 3-19 x lo6 bp) although other estimates suggest that the genome of E. coli is closer to 4.2 x g (3.8 x lo6 bp) (Yee & Inouye, 1982) . Our data for two strains of A . chroococcum show that the genome of this species is substantially smaller at approximately 1.8 x lo6 ( & 20%) bp (1-2 x lo9 Dal) for a strain with no large plasmids. It is a relatively small genome by comparison with published values for other species obtained from renaturation kinetics (Bak et Fig. 3 . Two-dimensional analysis of genomic DNA of A . chroococcum and E. cofi. Fragments generated by digestion of genomic DNA with one restriction endonuclease were electrophoresed in agarose in lanes as for Fig. 2 . Lanes were excised and DNA therein further digested in situ by a different restriction endonuclease. The lane was embedded in an agarose gel at right-angles to the original orientation and electrophoresed again in parallel with HindIII-digested phage 1 DNA as molecular weight markers which are indicated by numbers (see Fig. 2 legend) . The horizontal axis corresponds to the first digestion and the vertical axis to the second digestion. For full details see Methods. , 1970) . However, most strains of this species that we examined contained several plasmids which could significantly increase the total genome. In NCIMB 8003 plasmids contribute approx. 5.73 x lo5 bp of presumably extra unique sequence.
As found for A . uinelandii, the DNA content of both strains was high and indicated that 20 to 25 chromosome equivalents are present in exponentially growing batch cultures. To what extent this apparent excess of DNA is rare in prokaryotes is difficult to judge since many genome studies have been confined to estimates of G + C content and size of the chromosome. In welldocumented instances, e.g. E. coli, the chromosome content may rise to approximately 3 or 4 genome equivalents in fast-growing populations (Pritchard et al., 1969) . However, Micrococcus radiodurans contains a minimum of 4 but may contain up to 11 chromosome equivalents (Hansen, 1978; Tirgari & Moseley, 1980) which could play a significant part in the radiation tolerance of this species. Also, Desulfovibrio gigas contains 9 to 17 genome equivalents (Postgate et al., 1984) so that the phenomenon is not confined to Azotobacter species. It would be interesting to know if the high DNA content is linked to the relatively large size of members of the genus Azotobacter. One study indicates that the mean cell volume of A . vinelandii may be six times that of E. coli (Harvey et al., 1967) . UV-survival kinetics for A . vinelandii and A . chroococcum show considerable variation between species (Goucher & Kocholaty, 1957; Ahmed & Venkataraman, 1974; Terzaghi, 1980) . The data obtained for MCD-1 and CW8 show that such diversity occurs within a species and is clearly not a manifestation of a marked difference in DNA content or genome multiplicity. The pattern of UV-killing of MCD-1 is consistent with multiple-target kinetics as might be predicted for a multigenomic cell, though rapid dark repair is, of course, not excluded. By contrast, CW8 shows a single-hit kinetics in a multigenomic cell which raises questions on which we have no data. UV-induction of a single lethal event (phage induction, endonuclease release) seems the most plausible cause, because the possibilities that only one chromosome is functional or that the organism possesses an oligomeric 'megachromosome' are without precedents.
All the strains of A . chroococcurn examined contained plasmids. The contents for all but two
